Introduction
Most porphyry copper deposits are genetically related to calc-alkaline magmatic arcs developed above active subduction zones at converging plate margins (e.g., Sillitoe 1972; Richards 2003 Richards , 2009 . A classic example of this tectonic setting is the Central Andes, one of the world's most Cu-Au productive regions. Porphyry copper deposits are regarded as large magmatic-hydrothermal ore systems, where most key components of these ore mineralizations (i.e., sulfur, metals, and fluids) are sourced from the associated magmas (Sheppard and Taylor 1974; Hedenquist and Lowenstern 1994; Shinohara and Hedenquist 1997; Ballard Abstract The El Abra porphyry copper deposit belongs to the Late Eocene-Early Oligocene metallogenic belt of northern Chile, which host several world-class porphyry copper deposits. Our previous geochronological work done on this deposit provides the temporal framework for petrological data interpretation. The magmatic history of the El Abra deposit lasts for ~8.6 Ma and can be divided into two stages. An early period, from about 45 to ~38.7 Ma, dominated by diorites and quartz monzodiorites with "normal" (non-adakite) arc geochemistry and a late period, with rocks younger than ~38.7 Ma that developed adakite-like geochemistry, where equigranular granodiorites are the volumetrically dominant rock type (e.g., Clara granodiorite ~38 Ma). These granodiorites are then intruded by leucocratic porphyry dikes and aplites. Most copper mineralization is associated with multiple intrusions of these younger porphyritic rocks, described as the El Abra porphyry unit, and emplaced over a ~1.4 Ma period, from ~37.5 to 36.1 Ma. The adakite-like geochemistry of the younger rock units (<38.7 Ma) is attested by a significant depletion in REE contents, particularly MREE and HREE (concave MREE distribution patterns), high La/Yb and Electronic supplementary material The online version of this article (doi:10.1007/s00531-017-1454-0) contains supplementary material, which is available to authorized users.
1 3 Richards 2003; Dreher et al. 2005; WilliamsJones and Heinrich 2005; Pettke et al. 2010; Simon and Ripley 2011) . In other words, the evolution of magmas associated with porphyry copper deposits is thought to exert a first-order control on ore genesis, and thus, it is relevant to assess the magmatic history of these mineralized systems (Chelle-Michou et al. 2015) .
Most economic porphyry copper systems from the Central Andes of Chile are intimately associated with major Cenozoic tectonic events (Mpodozis and Cornejo 2012) . These tectonic events resulted in episodes of intense deformation, crustal shortening, and thickening, accompanied by the development of the adakite-like geochemical signature (i.e., high Sr/Y, La/Yb, Al 2 O 3 , and Na 2 O; low Mn, Sc, and no Eu* anomaly) in felsic magmas associated with economic-grade mineralizations (Kay et al. 1991; Stern 1994, 1995; Kurtz et al. 1997; Rabbia and Hernández 2000; Richards et al. 2001; Mpodozis 2001, 2002; Ballard et al. 2002; Perelló et al. 2003; Sillitoe and Perelló 2005; Chiaradia et al. 2009; Mpodozis and Cornejo 2012; Loucks 2014) .
The origin of the adakite-like signature in magmas associated with porphyry copper deposits from the Central Andes has been attributed to different mechanisms, ranging from slab melting (Oyarzun et al. 2001 ) to intra-crustal processes (Richards 2002; Rabbia et al. 2002) . There is growing evidence, however, suggesting that the high Sr/Y magmas associated with porphyry systems worldwide are not slab melts, instead they may result from magmatic evolution at mid-to-deep crustal levels (see summary in Chiaradia et al. 2012) .
Here, we present a petrological study of the magmatic suite associated with the El Abra porphyry copper deposit from northern Chile. This work concentrates mainly on late magmatic events (~39 to 36 Ma) at El Abra, which display a transition from non-adakite to adakite-like geochemistry, where the later adakite-like magmatism is closely related to the ore mineralization (Correa et al. 2016 ). The new petrological information is then contrasted and complement with that from the older magmatic period (~45 to 40 Ma) at El Abra, available from the previous works (Ballard 2001; Ballard et al. 2002; Haschke 2002; Rojas 2015) . Finally, the adakite-like geochemistry is discussed in the middle Eocene-early Oligocene tectonic context of the northern Chile Andes.
Tectonic setting
The El Abra deposit (21°55′S-68°50′W, Fig. 1a ) belongs to the late Eocene-early Oligocene metallogenic copper belt of northern Chile, which spans 1400 km between 28° and 31°S, and hosts several world-class porphyry copper deposits (e.g., Quebrada Blanca-Collahuasi, Radomiro Tomic-Chuquicamata, La Escondida, El Salvador) along with numerous small prospects and deposits. It is emplaced in the Precordillera of northern Chile, a region locally known as the Cordillera de Domeyko. It is a rugged, longitudinal mountain range, which represents the western piedmont of the main (Andes) Cordillera. The magmatism spatially associated with the El Abra deposit developed between ~45 and 36 Ma (Correa et al. 2016) . This is a period of fundamental changes in the subduction regime in the Central Andes, marked by accelerated westward motion of the South American plate, very high rates of oceanic crust production in the eastern Pacific and strong interplate coupling (Mpodozis and Cornejo 2012) .
The Domeyko Fault System, which tectonically controls most of the late Eocene to early Oligocene metallogeny in northern Chile, is a lithospheric-scale, orogen-parallel zone of deformation of more than 1000 km length and 40-60 km width. It is composed of a complex array of strike-slip, normal, and reverse faults, and thin and thick skinned folds and thrusts (Reutter et al. 1991; Mpodozis et al. 1993; Mpodozis and Cornejo 2012) . The Domeyko Fault System was developed along the Precordillera of northern Chile as a consequence of compressive tectonic events starting in the Late Cretaceous and ending with the Incaic orogeny when most porphyry copper deposits (43-31 Ma) were formed. During this critical period of ~10 Ma, the final uplift of the Cordillera de Domeyko was produced by differential shortening focused along a mechanically weak crust zones inherited from the Paleozoic (Maksaev and Zentilli 1999; Mpodozis and Cornejo 2012, and references there in) . In this period, large plutonic complexes genetically related to several world-class porphyries (e.g., Quebrada Blanca-Collahuasi, Chuquicamata-Radomiro Tomic, La Escondida) were emplaced.
The Chuquicamata-El Abra area (Fig. 1a) is considered an anomalous zone along the Cordillera de Domeyko, where magmatism was recurrent since the Late Cretaceous and where volcanism was almost absent (Mpodozis and Cornejo 2012; Tomlinson et al. 2001; Dilles et al. 1997 ). The El Abra-Fortuna complex (45-36 Ma) was emplaced in this anomalous zone along the trace of an inverted normal fault inherited from Mesozoic back-arc extension and Quetena reverse fault (Mpodozis and Cornejo 2012) . This batholithic complex was finally cut and displaced by 35 ± 1 km to the south by the sinistral movement along the West Fault structure (Fig. 1a, b) , which is a significant North-South trending branch of the regional Domeyko Fault System (Dilles et al. 1997 (Dilles et al. , 2011 .
Geology of the El Abra district and its surroundings
The geological description presented here is a brief account of major rock units that crop out at an area of Fig. 1 about 30 km × 25 km (Fig. 1a, b) in the El Abra district. The work of many authors over decades has led to some complexity in the rock unit nomenclature of the El Abra district. For a brief discussion on this topic, the reader is referred to Correa et al. (2016) . In addition, Table 1 provides a comparison between regional and mine nomenclature for Eocene igneous rocks in the district. This table also includes an up dated list of U-Pb zircon ages for each intrusive rock unit.
The El Abra district is tectonically cut by the West Fault structure (Fig. 1b) ; consequently, the outcrops on each side of this structure differ. On the west side, the dominant rock types include: the upper Paleozoic andesites from the Collahuasi Formation and coetaneous granitoids, the Triassic marine and terrigenous sequences, the red beds from the upper Cretaceous Tolar Formation, and the volcano-sedimentary rocks belonging to the lower to middle Eocene Icanche Formation. These units are then intruded by middle Eocene porphyries, and locally covered by the upper Miocene gravels, which represent the youngest rock units in the district (Fig. 1b) . On the east side of the West Fault, Paleozoic rock units are absent. Here, other rock types occur including the Triassic andesite to basalt and the Triassic granite to granodiorite intrusive units along with a variety Correa et al., 2016 are from the pit site. Note that samples EA-561 and EA-1284 from El Abra prophyry dated by Correa et al. (2016) were originally classified as dacite and rhyolite, respectively, based on chemical information (see TAS diagram, Fig. 8b ) but re-classify in this work as andesite and dacite porphyries, respectively, based on available modal analyses (online resource ESM_2) (Fig. 1b) complete the surface geology of the east part of the district (Barrett 2004; Tomlinson et al. 2001; Cornejo et al. 2014) . At the mine site, the late Eocene intrusive rocks belonging to the El Abra Granodiorite Complex (Fig. 2) dominate, which is part of the Pajonal-El Abra Complex at district scale (Table 1) . Here, the El Abra Granodiorite Complex is mainly represented by the older Central diorite, Equis quartz monzodiorite, and Dark diorite cropping out chiefly at the central and western sectors of the open pit (Fig. 2) . In addition, subordinated outcrops of the Rojo Grande granite are present at the northeast sector of the mine (Fig. 2 ). All these rocks, which are the main host of the copper mineralization at El Abra, are granitoids with medium-grained equigranular texture. These rock units intrude the slightly older Pajonal Igneous Complex in the northern fringe of the open pit, and are in turn intruded by younger units from the El Abra complex, including the Clara granodiorite, Apolo granite-aplite, and the El Abra porphyries and their associated breccias (Fig. 2) . At the mine site, the outcrop of Clara granodiorite is restricted to the south-east corner of the open pit. This is a medium grained equigranular to slightly porphyritic rock that on surface is poorly mineralized, but at depth, it is the main host rock of the mineralization. Large (up to 30 m) and narrow (less than 1 m wide) aplites and phenocryst-poor aplitic dikes cut the Clara granodiorite mainly in its northern and western borders, while pegmatite dykes cut across the southern part of Clara granodiorite. These late intrusions were denominated 'aplitic granite porphyry' by Dilles et al. (1997) and include the Apolo leucogranite and the aplite-pegmatite unit. The youngest unit of the El Abra complex is the El Abra porphyry, which occurs as dikes and irregular intrusions within the central zone of the open pit. At district scale, the equivalent rock units to the El Abra porphyry are the main Lagarto granodiorite porphyry and the late Lagarto mafic granodiorite porphyry (Dilles et al. 1997; Tomlinson et al. 2001) . These dykes consist of several intrusive events emplaced at slightly different times. Additional textural varieties of these porphyritic dykes have also been intercepted at depth (~1 km below surface) by a deep drilling program carry out at the mine site (Ardila 2009) . Two varieties of these porphyry dykes found at depth were dated by zircon U/Pb CA-TIMS method (Table 1) , defining a ~1.4 Ma period of porphyry intrusion, which is coeval with the main Cu-Mo mineralization period (Correa et al. 2016 ).
Alteration and mineralization
The main alteration zones at El Abra include a potassic core surrounded by a quartz-sericite zone. An albite-tourmaline alteration zone is present at depth in the western and southwestern sectors of the open pit. Finally, a poorly developed propylitic envelope extends outwardly from the quartzsericite zone.
In the potassic core zone, developed at the central and deeper parts of the mine, bornite + chalcopyrite ± magnetite associations prevail, followed by chalcopyrite > bornite ± molybdenite, with chalcopyrite > pyrite ± molybdenite dominant in the outer portions of the orebody. The albite-tourmaline alteration is mostly restricted to small breccias and dikes. Tourmaline occurs either as thin veinlets with an albitic halo or as breccia matrix with scarce sulfides (pyrite-chalcopyrite). The quartz-sericite zone occurs mainly related to hydrothermal breccias and zones associated with northwest-trending structures (D veinlets infilled with quartz-chalcopyrite ± bornite ± pyrite ± molybdenite) and is associated with the main structural trends in the southeast part of the district (Ardila 2009 ).
Molybdenite Re-Os geochronology defines a restricted mineralization episode with a mean ore formation age of 36.25 ± 0.25 Ma (Correa et al. 2016) , which is temporally and spatially associated with the El Abra porphyries and igneous-hydrothermal breccias emplacement.
Methodology
A sampling protocol to obtain information on the magmatic history of the El Abra magmatism aimed at mitigating the effects of hydrothermal alteration on mineralogy was used. This includes avoiding sampling areas with pervasive destructive alteration (e.g., quartz-sericite), highly fractured or brecciated zones and eliminating veins and alteration halos when present in hand samples. In addition, to avoid visible alteration in samples selected for geochemical analyses, the whole rock pieces were handpicked after the crushing and prior to the pulverizing stage.
Thirty-five drillholes of ~2000 m length from the deeper (800-2000 m) parts of the deposit were reviewed, focusing on intrusive units related to hypogene mineralization. The most representative samples of each unit were chosen for petrographic, geochemical, and isotopic analysis. Detailed petrography of the samples was done by a combination of optical microscopy and scan field analysis using automatized mineralogy analysis performed by QEMSCAN. Plagioclase compositions were determined using a JEOL JXA8600 electron microprobe equipped with five wavelength-dispersive spectrometers, at the Institute of Applied Economic Geology, University of Concepcion, Chile. The analytical conditions were as follows: 15 kV accelerating voltage, a beam current of 20 nA for major elements (Si, Al, Ca, and Na) and 40 nA for minor elements (K, Sr, Mg, Fe, and Ba), a spot size of 10 µm and counting times of 10-40 s for major elements, and 60-140 s for minor elements, on peak and half this time on the respective backgrounds. Strontium was measured with a PET crystal to avoid Si Kα overlap on the TAP crystal. Both natural and synthetic silicates and glasses were used as standards for calibration. Standards were synthetic wollastonite (Ca), forsterite (Mg), sanidine (Si, K), jadeite (Na), celestite (Sr) and Ba-Zn glass (Ba), and natural anorthite NMNH 137041 and fayalite NMNH 85276 from the Smithsonian Institution (Al and Fe, respectively). Analytical precisions were better than ~1% for elements above 10 wt% oxide, ~5% at 1-10 wt%, and ~10% at levels <1 wt%. Detection limits for K, Sr, Ba, and Fe measured in plagioclase are: 77, 195, 480, and 289 ppm, respectively. Data reduction was performed using the ZAF correction method. Selection of points for analysis was done using backscattered electron images.
Whole rock major and trace elements were analyzed using a combination of FUS-ICP, FUS-MS; TD-ICP, and INNA at Activation Laboratories Ltd. (Canada) for a total of 30 samples. In addition, seven samples were analyzed for Sr-Nd-Pb using a six-collector solid source mass spectrometer (Finnigan-MAT) at the Cooperative Institute for Research in the Environmental Sciences, University of Colorado (USA).
The LA-ICP-MS analyses of mineral phases were performed at the Department of Earth Sciences, Laurentian University (Canada). The instrument consisted of a Thermo XSeries 2 quadrupole ICP-MS and a 193 nm Excimer laser from Resonetics. The analysis mode was set to spot analysis. The spot size used was 32 µm, and the ablation rate was 5 Hz. On larger mineral grains, multiple spot analyses were made on the same grain. The external calibration standard was NIST611 glass that contains nominal element concentrations between 400 and 500 ppm for over 40 elements. External calibration standards (MP-DING glasses; Jochum et al. (2006) were analyzed with the same experimental conditions as the samples at the beginning and at the end (usually after 10-15 unknowns) of the experiment. Analysis time ranged between 45 and 60 s, including 25 s of background acquisition and 20-25 s of ablation time. In the database, only the elements that resulted in detectable concentrations are reported. The quantification of absolute concentration values requires an internal standard element for each mineral phase. This internal standard element is determined by an independent method, EMPA in this case. The output raw was processed using the software 'Iolite' (Hellstrom et al. 2008) . The data processing included the selection of an appropriate portion of the signal for integration and choosing the internal standard element concentration. Detection limits were calculated as three times the standard deviation of the background of the gas blank.
Results

Petrography of intrusive rocks
A synthesis of the petrography from older to younger rock units intercepted at depth at the mine site is presented. For a description of the older Central diorite, Equis quartz monzodiorite and Dark diorite, not included here, it is referred to Ballard (2001) ; Tomlinson et al. (2001) or Barrett (2004) . Figure 3 shows the QAP classification results of analyzed rocks. Additional textural and mineralogical descriptions for each rock unit can be found as online resource (ESM_1). This petrographic information of rocks sampled at depth (800-2000 m) complements the surface geology of the El Abra deposit (see above).
Rojo Grande granite (EA-661 and EA-657)
This unit appears as a medium grained equigranular monzogranite (Figs. 3, 4a, b) with a color index (i.e., sum of volume percentages of the dark or colored minerals) (CI) of 5.5-7.4 and with biotite as the main ferromagnesian mineral (online resource ESM_2). This unit contains minor chalcopyrite (10-20 μm in size) homogeneously disseminated, but abundant Cu mineralization as sheeted veins and strong stockworks with bornite-digenite-chalcopyrite near the contacts with younger porphyritic units and hydrothermal breccias. Cu mineralization is low at depths greater than 1000 m. Common accessory minerals include zircon, titanite, apatite, and magnetite (online resource ESM_2).
Clara granodiorite (EA-1099 , EA-1141 , EA-1359 , EA-860, and EA-1210 This unit appears as a coarse-grained equigranular, locally porphyritic, granodiorite to leuco-quartz-monzodiorite (Figs. 3, 4c, d , e, f) with a CI of 6.1 to 11.6. Biotite dominates over amphibole (online resource ESM_2). At surface, this unit exhibits poor mineralization mostly represented by disseminated chalcopyrite (30-40 μm in size). At depth, however, it is the main host rock for Cu mineralization present as thin A-and AB-type (quartz-rich) veinlets with bornite-digenite-chalcopyrite ± anhydrite.
Mineralization is mainly concentrated near the contacts with younger porphyry bodies. This unit locally contains small (<4 cm) subrounded mafic inclusions of quartz-diorite composition, probably representing cognate xenoliths. Typical accessory minerals include zircon, sphene, apatite, and magnetite (online resource ESM_2).
Mesocratic Clara granodiorite (EA-1116)
Intercepted at 1 km depth from the pit level. This rock type shows meso-to melanocratic bands (less than 50 cm wide) and no clear contacts with the main Clara granodiorite. It is a coarse-grained equigranular rock with a granodiorite composition and a high, but variable CI generally >20 (Figs. 3, 4g, h ). The presence of large (up to 20 mm) and euhedral hornblende crystals is a characteristic feature of this rock type. Modal abundance of hornblende and biotite is high, 11-18 and 8-12 vol%, respectively. Cognate xenoliths of biotitized diorite (Dark or Central diorite?) are locally present. Mineralization is observed as disseminated chalcopyrite around quartz-rich A-type and AB-type veinlets, which are filled with potassium feldspar, together with abundant anhydrite and bornite-chalcopyrite. Typical 
El Abra porphyry
Given the fine-grained nature of the groundmass of these rocks, a volcanic terminology is adopted for their classification. Accordingly, these rocks are sub-divided into the following compositional categories: andesite porphyry, dacite porphyry, and quartz-latite porphyry.
Andesite porphyry (EA-651, EA-561, and EA-1047) These samples plot in the andesite field of the QAP diagram (Fig. 3) . They are leucocratic (CI <15) with porphyritic texture (~57-76 vol% of phenocrysts) (online resource ESM_2) and a fine-grained groundmass (200-600 µm) (Fig. 5a, b) . Biotite is more abundant than amphibole (online resource ESM_2) and dominates in the groundmass.
Disseminated bornite, chalcocite, digenite, and chalcopyrite occur in samples EA-651; EA-561. Myrmekite-like texture between bornite-chalcocite is also locally observed in these samples. Andesite porphyries are crosscut by quartz-rich veinlets with biotite-bornite-chalcopyrite and K-feldspar halos. Similar quartz-rich veinlets with less biotite and more digenite are found in sample EA-1047. In addition, dissemination of bornite-digenite (70-150 µm in size) and chalcopyrite (10-20 µm in size) associated with hematite-magnetite are disseminated close to veinlets.
At the deposit site, these rocks are volumetrically minor. They are commonly present as dykes intruding Clara granodiorite but also as small cognate inclusions (autoliths) in dacite porphyry rocks. Typical accessory minerals include zircon, sphene, apatite, and magnetite (online resource ESM_2). Dacite porphyry (EA-874, EA-247, EA-1535 , EA-1086 , EA-1075 , EA-1203 , EA-662, EA-1284 This is the most abundant type of porphyry in the openpit area. These samples plot in the dacite field of the QAP diagram (Fig. 3) . Most of these porphyritic rocks are leucocratic (CI <5) with variable amounts of phenocrysts (~47-70 vol%) (online resource ESM_2), having a microfelsic groundmass (50-400 µm in size) ( Fig. 5c-l) . Biotite is typically more abundant than amphibole in these porphyries. In some samples (EA-862, EA-1284, and EA-901) quartz aggregates are common (quartz eyes). Locally, this unit gradually changes from coarse porphyry texture to a micrographic texture passing to a leucogranite (e.g., samples EA-447 and EA-577). Typical accessory minerals include zircon, sphene, apatite, and magnetite (online resource ESM_2). Stockworks or sheeted veins are common near the contact of the dacite porphyries. These are composed of quartz-rich A and AB-type veinlets, with associations of biotite ± anhydrite ± bornite ± digenite ± chalco- pyrite ± molybdenite ± pyrite and B veinlets filled with quartz ± bornite < chalcopyrite and with discontinuous K-feldspar halos. All these veins are crosscut by late D veinlets with chalcopyrite and quartz-sericite halos with disseminate chalcopyrite.
Quartz-latite porphyry (EA-660)
This rock is a leucocratic (CI <10) quartz-monzonite with porphyritic texture (37 vol% of phenocrysts). Fine-grained phenocrysts (200-600 µm) of partially sericitized plagioclase are set in a very fine-grained groundmass (20-80 µm) dominated by plagioclase, quartz, and potassic feldspar (online resource ESM_2). Biotite and amphibole partially altered to chlorite-epidote are the main ferromagnesian phases (online resource ESM_2). Zircon, sphene, magnetite, and apatite are the main accessory minerals. Mineralization is scarce and largely represented by disseminated chalcopyrite and pyrite in the groundmass. This rock forms a series of late polymict igneous breccias (Fig. 6a ) that can be observed towards the south of the current open pit.
Leucogranite (aplite) (EA-447, EA-577)
This aplite unit is technically a leucogranite (CI <5) with a very few subrounded quartz and plagioclase phenocrysts (up to 3 mm) ( Fig. 4i, j ; online resource ESM_2). Samples EA-447 and EA-577 intrude the Clara granodiorite as small dikes (up to ~3 m), which are larger, however, than the typical leucogranite dikelets (<30 cm in wide) that usually appear cutting the porphyritic varieties of El Abra porphyry. The precise age of these larger intrusions is not known. The leucogranite dikelets locally show unidirectional solidification textures, characterized by quartz and K-feldspar intergrowths, monomineralic bands of crenulated quartz and K-feldspar intercalated with aplitic material (Fig. 6b, c ) and locally forming a poorly developed "brain rock" (Shannon et al. 1982) to the edge of large dykes. These bands with unidirectional solidification textures vary in size from 0.5 to 3 cm and contain miarolitic cavities. Locally, fine-grained bornite seems to delineate the borders of these thin dykes. Quartz-rich (A and B-type) veinlets are observed with bornite, digenite and chalcopyrite. These veinlets are frequently re-used by late D type veinlets with chalcopyrite and molybdenite. Disseminated mineralization is also observed as bornite-digenite association replaced by covellite and chalcopyrite.
Multiple leucogranite phases are identified at El Abra. The earliest leucogranite porphyry phase with plagioclase phenocrysts and aplitic matrix intrudes the Clara granodiorite at ~800 m depth. This intrusion is cross-cutting early A and B veinlets in the Clara granodiorite and is cut by late B and D veinlets. Clasts of leucogranite are also found in dacite porphyries and magmatic breccias with a matrix of dacite porphyry. The most frequent association of leucogranites is with the most evolved varieties of the dacite porphyry.
Plagioclase micro-textures and mineral chemistry
To complement the petrographic and geochemical information, the composition of plagioclase from selected samples was determined. The results are available as online resource (ESM_3). A synthesis of plagioclase compositions is presented in the following. Clara granodiorite (EA-1099) This sample represents a porphyritic coarse-grained variety of Clara granodiorite (38.71 Ma; Correa et al. 2016) . The An content of large phenocryst cores (800-1000 μm in size) varies from An28 to An34; oscillatory zoning domains with irregular resorption zones, where more calcic plagioclase (An40-An48) is present, are characteristic of these plagioclase phenocrysts. Calcium increase in these resorption zones is decoupled from Sr and Fe contents, which remains relatively constant In the entire crystal, the Sr and Fe concentrations show only minor variations, between ~1000 and 1200 ppm for Sr and from ~800 to 1200 ppm for Fe, respectively, and commonly do not correlate with the An content. An exception is present in a groundmass grain with high An content (An56), where Fe yields 4115 ppm. In these large phenocrysts, An content decreases towards the rims (An19-An24), together with as the minor and trace elements. Groundmass plagioclase presents cores with variable An content (An25-An63) and with dissolution and patchy textures.
Dacite porphyries (EA-874, EA-662)
Among the dacite porphyries, these samples represent the older ones (37.49 Ma; Correa et al. 2016 ). Plagioclase phenocrysts from these samples also contain sodic cores (An29-An36) with 1140-1800 ppm of Sr and 1100-1700 ppm of Fe, respectively. Although not present in all grains, dissolution (patchy) texture is followed by zones with fine scale oscillatory zoning or resorption surfaces. The last are followed by more calcic zones (An31-An53), where Sr and Fe increase about 100 ppm and up to 500 ppm, respectively. This increase in An, Sr, and Fe contents is less marked in some crystals. The Sr, Fe, and An contents decrease towards the rims (Sr <1200 ppm; Fe <900 ppm, and An7-An21).
Dacite porphyry (EA-1284)
This sample represents the latest porphyritic event (36.07 Ma; Correa et al. 2016) . Plagioclase phenocrysts from this sample are characterized by large cores (1400 μm) with An21-An30; 1100-1700 ppm of Sr and 700-1380 ppm of Fe, respectively. Some grains show multiple resorption surfaces, where An, Sr, and Fe contents are elevated (An35-An42; Sr 1800-2000 and Fe 900-1500 ppm). These surfaces are followed by fine scale oscillatory zoning with composition similar to the core. Medium-sized phenocrysts (900-1000 μm) present rounded cores with wavy fine scale oscillation zoning. Contents in An varies between An23 and An35, Sr between 1193 and 1699 ppm and Fe between 880 and 1381, where the highest content of minor elements is present in the core and tends to decrease towards the rim. The rims of these plagioclase phenocrysts have An12-An19; Sr <800 ppm and Fe <700 ppm.
Geochemistry
Hydrothermal alteration effects on whole rock geochemistry
Despite the precautions taken during sampling and sample preparation (see "Methodology"), the hydrothermal alteration was not completely eliminated in some samples. In particular, those rocks with potassic alteration may still exhibit localized areas with pervasive replacement of plagioclase by K-feldspar, recrystallization of biotite phenocrysts, formation of aggregates of biotite intergrown with magnetite replacing hornblende ("shreddy" biotite), and sphene breakdown into rutile along with dissemination of fine-grained biotite in the groundmass of some porphyries. Sodic-(calcic) alteration developed at deep intrusive contacts is superimposed on potassic alteration.
To evaluate the effects of the presence of veinlets associated with potassic alteration, two samples of a dacite porphyry (sample EA-984A and B), one with and the other without (vein material removed by hand-picking) veinlets were analyzed. Figure 7 shows the results of these analyses. The main observed changes include an increase in Cs, Rb, and K, along with SiO 2 , and a general concentration decrease of all the remaining elements ( Fig. 7a, b ; Table 2 and online resource ESM_4). No significant difference in the shape of REE distribution patterns was observed (Fig. 7b) , but a dilution of about 18 wt% in the overall abundance of REE is noted (online resource ESM_4). Assuming that the sample (EA-984A) with veinlets material removed by hand-picking represents a less altered composition, closer to the original one, a general dilution effect, due to Si and K addition by veining, appears to be the major chemical modification of this sample. However, the partial sphene replacement by rutile, which is also related to the potassic alteration event, occurs outside the veins of this sample, and thus, the removal of veinlets does not allow quantifying the potential REE mobilization (i.e., rutile has very low REE contents compared to sphene). Despite this mineral replacement may imply a REE mobilization, the scale of this process it is not known (i.e., if it exceeds a hand sample).
Major and trace elements results
Results of major element analyses on anhydrous basis are reported in Table 2 . Samples from the El Abra intrusive complex show a calc-alkaline, metaluminous affinity, have medium-to-high potassium content and relatively high sodium content, particularly the Clara granodiorite and the late porphyries ( Fig. 8a-d) . The SiO 2 composition of intrusions ranges from about 61 to 78 wt% ( Table 2 ). The SiO 2 content of porphyritic samples, considered in terms of volcanic rock classification, ranges from dacite to rhyolite (Fig. 8b) . The Harker diagrams show, with the exception of the two amphibole-rich rocks (samples EA-1116 and EA-775) from the mesocratic Clara granodiorite, a trend similar to that expected for a differentiation process due to crystal fractionation (Fig. 9) . However, there is no relationship between age and the degree of evolution, as shown by the progression from the El Abra porphyry (sample EA-561), with an age of 37.49 ± 0.10 Ma (Correa et al. 2016 ) and 63.33 wt% of SiO 2 (Table 2) , to Clara granodiorite (sample EA-1141), with an age of 38.71 ± 0.11 Ma (Correa et al. 2016 ) and 65.72 wt% of SiO 2 (Table 2) , to Rojo Grande granite (sample EA-657), with an age of 39.09 ± 0.03 Ma (Correa et al. 2016 ) and 69.66 wt% of SiO 2 (Table 2) , where the oldest intrusive units are among the most chemically evolved rocks (Fig. 9) .
The El Abra porphyries and Clara granodiorite (64-71 wt% SiO 2 ) have similar high contents of Sr ~600-900 ppm (Fig. 10, online resource ESM_4) . The content of Y, however, is lower in the younger, more differentiated porphyritic rocks (≤8.9 ppm), with the exception of sample EA-247 (online resource ESM_4) affected by argillic alteration (online resource ESM_2), than in the Clara granodiorite (≥8.5 ppm) yielding higher Sr/Y ratios (~90 and 140; mean ~115) in the porphyries compared to the Clara granodiorite (~60 and 85; mean ~70) (Fig. 10) . Although a difference between the intra-mineral El Abra porphyries and Clara granodiorite exist, compared to older rock units they share similar rare earth elements (REE) distribution patterns to the Clara granodiorite, e.g., strongly fractionated (La/Yb 17-36) and without europium anomalies (Eu/Eu* 0.78-0.97), (Figs. 10, 11) .
On the other hand, low Sr/Y ratios characterize the leucogranite (Sr/Y ~10), mesocratic Clara granodiorite (Sr/Y ~20) and Rojo Grande granite (Sr/Y ~25) due to a combination of low Sr (<490 ppm) and relatively high Y (>~12 ppm) contents in these rocks (Fig. 10 , online resource ESM_4). Regarding the REE, the Rojo Grande granite and the leucogranite have less fractionated distribution patterns (La/Yb 11-23) and a strong negative europium anomaly (Eu/Eu* 0.35-0.58) (Figs. 10, 11) . The REE distribution patterns of the mesocratic Clara granodiorite samples (La/Yb ratio of ~16-18) are similar to those from the Clara granodiorite, but the total REE contents are higher and display a negative europium anomaly (Eu/Eu* 0.49-0.61) similar to Rojo Grande granite and leucogranite samples (Figs. 10, 11 ).
Sr-Nd-Pb Isotopes results
The Sr, Nd, and Pb isotopic ratios of selected samples are presented in Comparison of chemical analyses of El Abra dacite porphyry using two sub-samples from sample EA 984, where one part was analyzed without eliminating the altered sectors (veinlets and halos of strong potassic alteration), and in the other part, the alteration and vein material was removed. a Spidergram with normalized values to Primitive Mantle (Sun and McDonough 1989) . b Rare earth elements distribution diagram with normalized values to CI-chondrite Sun and McDonough (1989) . Promethium (Pm) is interpolated between Nd and Sm
The Sr and Nd data obtained here are similar to those obtained by Haschke (2002) for the Pajonal-El Abra complex (Fig. 12a) , and the restricted variation range has not correlation either with age or SiO 2 content (Tables 2,  3) . Lead isotopes are similar to the Andean Southern Volcanic Zone (SVZ) (Fig. 12b) . The Sr isotope has not a significant tendency regarding with Sr content (Fig. 12c) .
Mineral chemistry
To evaluate the variation of amphibole, apatite, and sphene modal abundances on whole rock chemistry, the concentration of REE, Sr, and Y was analyzed in these mineral phases. Minerals from Antena granodiorite (~38 Ma), which is equivalent to Clara granodiorite, were used. Trace element compositions are listed in Table 4 . As expected, REE contents are one order of magnitude higher in sphene than in apatite, and in turn, REE in apatite are about four times higher than in amphibole. These three minerals are also the major REE-hosts in the coeval Fiesta granodiorite and San Lorenzo porphyry from the same batholith (Rabbia et al. 2012) , which is certainly valid for most arc-related felsic rocks elsewhere (e.g., Henderson 2013). The mesocratic Clara granodiorite, which is coetaneous to Clara granodiorite, but does not display an adakitic signature (Fig. 10) , tends to present a high modal abundance of amphibole, apatite and sphene (online resource ESM_2). The mesocratic Clara granodiorite (EA-1116) plots along a theoretical mixing line between Clara granodiorite (sample EA-860) and an amphibole-rich aggregate (Hb 86 Ap 9 Sph 5 ) as shown in Fig. 13a and b. The addition of amphibole plus REE-rich accessory minerals to a typical Clara granodiorite sample reproduce the Sr/Y, La/Yb, and Eu/Eu* ratios of the mesocratic Clara granodiorite (EA-1116). Irvine and Baragar (1971) . b TAS classification diagram (Le Bas et al. 1986 ). Dotted line after Irvine and Baragar (1971) . c AFM classification diagram (Irvine and Baragar 1971) 
Discussion
Based on available geochemical data (Ballard 2001; Ballard et al. 2002; Haschke 2002; Rojas 2015) and Table 2 and online resource (ESM_4) of this work, the ~8.6 Ma-long magmatic history of the El Abra deposit, extending from ~45 to 36 Ma (Correa et al. 2016) can be divided in two distinct stages: (a) An older stage (>38.7 Ma) represented by rocks having a "normal" (non-adakite) arc geochemistry; and (b) A younger stage (<38.7 Ma) characterized by Fig. 9 Harker diagrams major elements vs. SiO 2 . The older, premineral equigranular rocks are plotted along with the younger intra-mineral porphyritic rocks. Although they roughly defining variation trend, note that younger Andesite porphyry samples are less evolved than the older Rojo Grande granite. Note also that in most graphics the Mesocratic Clara granodiorite samples do not plot along the trends Fig. 10 Trace element diagrams showing compositional fields of adakites and arc andesite-dacite-rhyolite (ADR) fields defined by Castillo et al. (1999) . Symbols as in Fig. 9 a suite of rocks having an adakite-like arc geochemistry (Fig. 14a-c) .
The age-constrained geochemical data compiled in Fig. 14a-c show that some rock units do not display the adakite-like signature despite being younger than 38.7 Ma; this includes the most mafic rocks (e.g., the mesocratic Clara granodiorite) and some of the most felsic ones (e.g., the Apolo granite and aplites and the leucogranites).
A closer analysis, however, suggests that the extreme evolved character (e.g., ~70-78 wt% of SiO 2 ) of the more felsic units is the reason for the apparent lack of an adakite-like geochemical signature. The very low Al 2 O 3 , CaO and Sr contents (down to ~11.8 wt%; 0.55 wt% and 115 ppm, respectively, Table 2 and online resource ESM_4), the strong depletion in REE's with variable, but mostly negative Eu anomaly (Fig. 15) , and the higher 87 Sr/ 86 Sr ratios (Fig. 12c ) of these rocks suggest that their parental melts fractionated plagioclase (e.g., AFC-process). Besides, some of these silicic rocks have been previously interpreted as segregated or filter-pressed melts (Ballard et al. 2002) . Although we cannot completely rule out potential alteration effects (e.g., some Sr or Eu Richards et al. (2001) . Normalized values to CI-chondrite Sun and McDonough (1989) . Promethium (Pm), if plotted, is interpolated between Nd and Sm leaching), we do argue that an extended plagioclase fractionation at shallow to mid-crustal levels (i.e., AFC ± filter-pressing processes) obliterated the adakite-like features (Sr/Y >40 or La/Yb n >13-15; Fig. 14a-c ) of these evolved residual melts (e.g., Apolo granite and related rocks). Notwithstanding, shallow crustal plagioclase fractionation affected some, but not all of the high-SiO 2 (>70 wt%) intrusions (Fig. 14a-c) . For example, the youngest sample in Fig. 14 corresponds to Rojas 2015) . This suggests that some of the young (<38.7 Ma) silicic rocks, such as the rhyolite porphyry, have evolved mostly at high-pressure (see below), without significant plagioclase fractionation at shallow crustal levels.
In the case of the mesocratic Clara granodiorite, local variations in modal mineralogy (e.g., increase in amphibole, apatite and sphene, including rutile after sphene-, online resource ESM_2), may account for the apparent inconsistency in the geochemistry-age relationship (Fig. 14) . Figure 13a , b show that the mesocratic Clara granodiorite (sample EA-1116) plots along a theoretical mixing line between a typical Clara granodiorite (sample EA-860) and a hypothetical amphibole-rich cumulate (amphibole-apatite-sphene in 86:9:5 proportions). This simple mixing model closely reproduces the Sr/Y, La/Yb, and Eu/Eu* ratios of the mesocratic Clara granodiorite, and may explain why the geochemistry of these amphibole-rich rocks departs from an adakite-like composition. The origin of the high modal abundances of amphibole and REEbearing accessory phases in the mesocratic granodiorites is less clear and more complex to determine. The coarse grain size of these rocks precludes them from being synplutonic "chilled" mafic dikes or enclaves. These thin (<0.5 m) bands of the mesocratic rocks, inside the volumetrically dominant Clara granodiorite, possibly represent local melt pockets. Alternatively, they may represent a cumulate rich in early-crystallized megacrystic amphibole and accessory phases. In this sense, the resulting composition of the amphibole-rich layers may significantly differ from melt composition. In any case, the localized high modal abundance of amphibole, along with the large size (up to 20 mm) and euhedral shape of amphibole crystals (Fig. 4g ) of these mafic granodiorites, suggests a high-water activity in the related silicate melt. Unfortunately, further discussion on the real extension, shape and nature of these mesocratic granodiorites is hindered by the absence of outcrops and the limited size of the samples recovered from deep drillcores. Nevertheless, the intimate coexistence of amphibole-rich (non-adakite) with adakite-like rocks, offers an explicit clue for the role of amphibole in the petrogenesis of these granodiorite rocks. The adakite-like geochemistry, with Sr/Y >60 (online resource ESM_4) indicates that the volumetrically dominant Clara granodiorite (and mesocratic lenses) is associated with parental melt evolution without significant plagioclase fractionation at low-pressure conditions (e.g., <0.4 GPa), where plagioclase may crystallize before amphibole (Grove et al. 2003) . Besides, the Sm/Dy ratios of these rocks suggest that their parental melt may have evolved at deep crustal levels, because the Sm/Dy ratios in igneous arc rocks increases in response to amphibole (±garnet) fractionation (Schütte et al. 2011 and references there in). It is evident from Fig. 16 that the presence of amphibole (±garnet) in the evolution of younger magmas (<38.7 Ma), including the Clara granodiorite, was more important than in the older non-adakite ones. This implies that the adakite-like rocks evolved at deep-crustal conditions and from H 2 O-rich magmas, where amphibole (±garnet) is expected to be a dominant early phase (e.g., Alonso-Perez et al. 2009 ).
Although there is a general agreement on the role of amphibole (±garnet) fractionation in developing the adakite-like signature of magmas associated with porphyry copper deposits, its role is commonly regarded as "cryptic" (Rohrlach and Loucks 2005; Schütte et al. 2011; Richards 2011; Rooney et al. 2011; Chiaradia et al. 2012) . The intimate coexistence of amphibole-rich rocks (mesocratic Clara granodiorite) with adakite-like rocks (Clara granodiorite) at the El Abra deposit, offers a more tangible evidence supporting the amphibole (and REE-rich accessory phases) fractionation as a driving process in developing the adakite-like feature in felsic magmas associated with ore deposits. Besides, the comparable Nd-Sr-Pb isotope ratios of non-adakite and adakite-like rocks (Table 3 suggest similar magma sources for these contrasting rock suites. Therefore, the geochemical features that characterize these two groups of rocks may result from the different crustal conditions under which they have evolved.
When the El Abra magmatic evolution is linked to the Andean geotectonic context, it becomes clearer what the causes are that may have triggered the appearance of the adakite-like geochemical signature in the younger (<38.7 Ma) intrusions. By mid-Eocene times, prior to the formation of the El Abra porphyry copper deposit, the relatively fast convergence rate between the Nazca and South American plates (Fig. 17) could have favored higher melt production in the underlying asthenospheric mantle wedge as well as higher compressional stress in the overriding upper plate (Bertrand et al. 2014) . By late Eocene times, this compressional tectonic regime, the Incaic orogeny, resulted into crustal thickening beyond 45 km as a consequence of increased horizontal shortening of the arc crust (Mpodozis and Cornejo 2012) . Consequently, magmas trapped at deep crustal levels were forced to evolve under high pressure conditions. The timing at which the period of fast convergence rate ended (~38-39 Ma, Fig. 17 ) coincides with the appearance of the adakite-like signature in rocks from El Abra (~38.7 Ma; Fig. 14) , indicating that kinematically-induced arc-relaxation may have favored ascension of fertile magmas, from the deeper "hot zone" to middle and upper crustal levels. This geodynamic context has already been proposed for large-scale porphyry copper distribution in the Andes (Bertrand et al. 2014 and references therein).
Temporal evolution of the adakite-like magmas
When the ~2 Ma evolution period between the intrusion of the Clara granodiorite and the younger El Abra porphyries is considered, it becomes evident that the adakite character of the intrusions increases over time. This can be noted in the progressive increase of the Sr/Y and Sm/Dy ratios (Figs. 14a, 16 ) along with the growing depletion of MREE and HREE's (Figs. 10, 11 ) and a decrease in Dy/Ybn ratios (not shown). These geochemical changes are consistent with a systematic increase in amphibole fractionation at depth, which in turn implies an evolution towards more hydrated (and oxidized?) magmas. Independent evidence from zircon Ce (IV) /Ce (III) and Eu/Eu* ratios support higher Ballard et al. (2002) , Haschke (2002) , Rojas (2015) and Correa et al. (2016) that complement those presented here ▸ magmatic oxidation states in the younger and felsic intrusive units of the El Abra porphyries (Ballard et al. 2002) . This interpretation of the magmatic evolution coincides with the progressive building of a large, long-lived magmatic reservoir at depth, as proposed by Correa et al. (2016) , based on the "subtle inheritance" of zircons detected in the El Abra porphyries. Additional evidence for the reworking of earlier intrusions is preserved in microtextures such as core dissolution, patchy and sieve textures, as well as compositional variations (e.g., increase of An, Sr and Fe contents towards the rims) of plagioclase phenocrysts from the El Abra porphyry. These plagioclase features have been interpreted as the result of repeated hot magma input, providing additional heat for assimilation of earlier intrusions (e.g., Pietranik et al. 2006; Renjith 2014) . The input of a less-evolved magma to the El Abra magmatic system may also be derived from the lower SiO 2 and higher MgO contents of some samples from the El Abra porphyry (e.g., EA-561 with 63.3 and 2.19 wt%, respectively; Table 2 ) compared to the slightly older and more abundant Clara granodiorite (64.9-66.4 wt% SiO 2 and 1.47-1.75 wt% MgO; Table 2 ). This suggests the arrival of hotter, less-evolved and deep-sourced magma into the midto-upper crustal levels, shortly before the El Abra porphyry Rojas (2015) and Correa et al. (2016) are included to complement those presented here. The Sm/Dy n ratios are higher in the younger (<38.7 Ma) group of rocks, highlighting the presence of amphibole (±garnet) in their petrogenesis. The red arrow represents molybdenite Re/Os ages of the mineralization in the El Abra district after Correa et al. (2016) . Intra-and premineral stand for porphyry rocks associated with mineralization and equigranular rocks older than mineralization, respectively Bertrand et al. 2014) . Black arrows indicate periods of high and low convergence rates of plates. Red arrow encompasses the age (late-Eocene to early-Oligocene) of the porphyry copper belt from northern Chile to which the El Abra deposit belongs dikes were intruded. These porphyries, which crystallized from a hydrous and oxidized magma, are associated with the main mineralization event (36.25 ± 0.25 Ma) at El Abra deposit (Correa et al. 2016) .
